The boundary layer on the endwall of a turbine blade cascade is subject to cross-stream pressure gradients in the blade passage, which generate a cross-stream velocity component to make it three-dimensional. This distorts the turbulence relative to a two-dimensional boundary layer, and impacts the endwall heat transfer. This study presents measurements of the three-dimensional boundary layer in a turbine cascade obtained with a laser Doppler velocimeter. In addition, two types of RANS models are compared to the measurements: the SST k-ω model using the isotropic eddy viscosity assumption, and a Reynolds stress model which allows for anisotropy of the Reynolds stress. Neither model fully captures the complexity of the three-dimensional boundary layer in a turbine blade passage, particularly for turbulence associated with the cross-stream flow and for the highly accelerated 3D boundary layer at the passage exit.
I. Introduction
T hree-dimensional boundary layers are found in many practical situations where a cross-stream pressure gradient exists to turn the flow, such as in curved channels, around the base of bridge piers, and within axial turbomachine passages. For a given cross-stream pressure gradient, the radius of curvature of the low-momentum streamlines very near the endwall is smaller than for the higher-momentum fluid outside the boundary layer, and the endwall boundary layer develops a component of velocity in the cross-stream direction. This is Prandtl's secondary flow of the first kind, and results in a skewed boundary layer which impacts the development of turbulence and associated convective heat transfer relative to a two-dimensional flow.
For an axial gas turbine, high levels of flow turning are desirable to extract maximum work from the high-enthalpy gases. However, this results in the development of significant crossflow in the endwall boundary layer. This crossflow implies mean streamwise vorticity in the near-wall flow, which becomes significant as it progresses through the axial turbine passage. Additional streamwise vorticity, generated at the leading edge of the turbine airfoil due to the roll-up of the inlet boundary layer upstream of the airfoil, is thought to merge with the secondary flow to create a large feature known as the passage vortex. This vortex is responsible for high heat transfer coefficients on the turbine endwall and airfoil surfaces, as well as increased aerodynamic loss due to increased mixing of the surface boundary layer fluid with higher velocity mainstream fluid.
The development of the turbine passage secondary flow away from endwall and airfoil surfaces has been fairly well captured by design-level predictive codes. However, the accurate prediction of surface quantities (wall shear stress, heat transfer coefficients) is still lacking, due to an incomplete understanding of the influence of threedimensionality in the endwall boundary layer. Very few measurements of this region exist to-date, due to the difficulty of acquiring measurements within a turbine blade passage. This paper presents measurements and predictions of the turbine endwall boundary layer in the forward portion of the blade passage to highlight regions where the effects of boundary layer three-dimensionality are important to capture.
II. Previous Studies
The endwall boundary layer in an axial turbine is not only subject to large cross-stream pressure gradients, but also to streamwise pressure gradients due to flow acceleration through the passage. Also, as mentioned in the Introduction, a passage vortex develops when the passage secondary flow merges with the streamwise vorticity generated by the inlet boundary layer separation at the airfoil leading edge. Various studies have examined individual contributions of these effects, as well as their combined influence, on the nature of the three-dimensional turbulent boundary layer (3DTBL). A 3DTBL can be generated by transverse pressure gradients ("pressure-driven") or by shear ("shear-driven"), such as on a rotating disk. The resulting cross-stream flow manifests as mean streamwise vorticity with a scale no larger than the size of the boundary layer. Several researchers have found significant structural changes to the turbulence in a 3DTBL that distinguish it from a two-dimensional boundary layer. Anderson , and Flack and Johnston 5 have all reported that the vector of Reynolds shear stress (with components formed by the wall normal-to-streamwise correlated fluctuations, and the wall normal-to-cross stream correlated fluctuations) lags the mean strain rate vector for a pressure-driven 3DTBL, implying anisotropic eddy viscosity. A review of several three-dimensional boundary layer data sets by Johnston and Flack 6 showed that the ratio of the Reynolds shear stress magnitude to the turbulent kinetic energy tended to decrease as the total skew angle between the freestream and the wall shear increased, implying reduced ability of the boundary layer at generating Reynolds shear stresses. Hydrogen bubble visualization by Flack 7 suggested that this effect may be due to mean threedimensionality acting to stabilize the turbulent structures generated in the boundary layer.
In a 3DTBL subject to alternating cross-stream pressure gradients, the crossflow can reverse direction. Bruns, et al. 8 studied this situation in an S-shaped bend, and Olcmen and Simpson 9 examined this for the flow around a wing/body junction. Olcmen and Simpson 9 determined that the ratio of cross-stream to streamwise eddy viscosity in the three-dimensional boundary layer scaled best in a coordinate system aligned with the wall shear direction, but later work (Olcmen and Simpson 10 ) found these coordinates did not universally collapse the data of others for several threedimensional turbulent boundary layer data sets.
Only a few studies have considered convective heat transfer effects in three-dimensional turbulent boundary layers. Time-mean heat transfer measurements by Abrahamson and Eaton 11 and Lewis and Simpson 12 agreed with twodimensional correlations of Stanton number and enthalpy thickness Reynolds number, if the Reynolds number was based on the magnitude of a vector formulation for enthalpy thickness. Increased cross-stream pressure gradients reduced the measured time-mean heat transfer coefficients relative to a 2D boundary layer, but Lewis and Simpson 12 found that profiles of temperature fluctuations were not affected by three-dimensionality.
Fundamental studies of a streamwise vortex embedded in a boundary layer have indicated that the vortex can have a significant impact on endwall heat transfer; although it should be noted that the streamwise vortex along the endwall in a turbine passage is generally larger than the boundary layer. Eibeck and Eaton 13 found that increasing levels of circulation produced by a delta wing in a two-dimensional boundary layer caused local Stanton numbers to asymptote to approximately 24% augmentation relative to a flat plate Stanton number in the downwash region of the vortex. Heat transfer effects of the streamwise vortex were attributed solely to its distortion of the mean flow, and not to turbulence enhancement. Wroblewski and Eibeck 14 conjectured that changes to the turbulence by the streamwise vortex promoted the transport of heat more than transport of momentum, which was supported by their determination that the thermal boundary layer was not thinned as much as the momentum boundary layer on the downwash side.
The combined effects of a streamwise vortex and a pressure-driven three-dimensional boundary layer were considered by Shizawa and Eaton 15 . A streamwise vortex with near-wall induced velocity in the same direction as the crossflow reduced the strength of ejection events. They also found that the three-dimensionality of the flow dissipated the streamwise vortex more quickly than a similar vortex in a two-dimensional flow.
The large-scale features of the endwall flow within a turbine airfoil passage have been investigated in detail by several researchers. Langston 16 , Sharma and Butler 17 , and Wang, et al. 18 proposed models of the flow in a turbine airfoil passage. Common elements of all models include a leading-edge horseshoe vortex with pressure-and suctionside legs, as well as a large passage vortex and several smaller corner vortices. The horseshoe vortex at the leading edge develops due to the separation of the incoming endwall boundary layer, and its legs progress around the airfoil. Due to the asymmetry of the turning flow, the pressure-side leg is generally larger and eventually merges with the secondary flow that develops in the passage due to flow turning. Langston, et al. 19 , Kang and Thole 20 , Harrison 21 , Gregory-Smith, et al. 22 , and Knezevici, et al. 23 all report measurements of these features, and their contribution to high total pressure loss and high associated endwall heat transfer. Turbulence measurements by Kang and Thole 20 showed the wall-normal component was larger than either the streamwise or cross-stream components, and that the turbulence intensity in the passage vortex core was around 26%, based on the inlet velocity.
Characterization of the endwall boundary layer in an airfoil cascade has only been attempted in a few studies. Measurements in the passage by Langston, et al. 19 and Harrison 21 suggest a thin, possibly laminar boundary layer on the endwall downstream of the inlet boundary layer separation. Harrison 21 found that hot-film signals in that region also exhibited much lower RMS values as compared to the upstream turbulent boundary layer. More recently, hot film signals presented by Vera, et al. 24 indicated low amplitudes near the pressure side, suggesting laminar-like flow. Signals increased in amplitude and unsteadiness from the pressure side to the suction side of the adjacent airfoil.
Recent work by the author (Lynch and Thole 25 ) has investigated the nature of the 3DTBL in the forward part of a turbine blade passage. Measurements of the mean flow indicated significant levels of skew (>70° relative to the freestream direction), which are higher than any reported in the literature on 3DTBL's. This paper reports the companion turbulent quantities for the 3DTBL in a turbine blade passage, as well as comparisons to an isotropic eddy viscosity model (SST k-ω by Menter 26 ) and a Reynolds stress model (RSM, specifically the low-Reynolds StressOmega model by Wilcox 27 ) which allows for Reynolds stress anisotropy.
III. Description of Experiment
Details of the experimental setup are given in Lynch 28 and Lynch and Thole 25 , so only a brief treatment will be presented here. Measurements of the endwall boundary layer in a turbine blade passage were obtained in a large-scale cascade comprised of low-pressure turbine (LPT) airfoils. The cascade was connected to a closed-loop recirculating wind tunnel as shown in Figure 1 . A bi-plane bar grid was located upstream of the cascade to provide a nominal freestream turbulence level of 4% at the cascade inlet plane, which is representative of the operating environment of an LPT blade. The inlet boundary layer was measured 2.85 axial chords upstream of the cascade and its various descriptive quantities are shown in Table 1 .
The turbine blade cascade contained seven LPT airfoils based on the Pack-B design, which has been used in several studies of flow control (Bons, et ). The scale of the cascade was 8.6 times engine scale to allow for high measurement resolution. The cascade was operated at an engine-relevant exit Reynolds number of 200,000. Due to the large scale and the capability of the low-speed wind tunnel, the Mach number was not matched to engine conditions. Details of the airfoil geometry and operating conditions are given in Table 2 .
Measurements of all three velocity components and turbulence quantities were obtained with a three-component laser Doppler velocimeter (LDV), mounted above the cascade as shown in Figure 2 . The top endwall of the cascade was constructed of glass. Measurements were obtained on the bottom endwall of the cascade, which was painted flat black to minimize stray reflections. An argon-ion laser supplied the green, blue, and violet wavelengths which measured the various velocity components. Each wavelength was split into a pair and one of each pair was frequencyshifted to eliminate directional ambiguity of velocity measurements. The beams were then coupled into two fiber- optic probes that transmitted them to the test section. The probes had both transmitting and receiving optics, and were operated in sidescatter mode, where the receiving optics from one probe were used to collect the scattered light from the opposite probe. The probes were fitted with 2.6X beam expanders and 750 mm lenses to allow the large required standoff distance from the top to bottom endwall. The total angle between probes was approximately 31°-35° depending on measurement location. The resulting ellipsoidal measurement volume at the beam crossing had an estimated diameter D=72 µm and a length L=200 µm; at the highest shear location measured, the diameter and length in inner coordinates was D + =3 and L + =8. Di-ethyl hexyl sebacate (DEHS) was atomized to 1 µm diameter particles using a Laskin nozzle and injected upstream of the wind tunnel axial fan, so that it would be fully mixed into the flow at the measurement locations.
At each measurement location, 20,000 coincident samples were obtained. Instantaneous measurements were collected when bursts from each channel overlapped by less than 200% of their burst duration. This resulted in an adaptive coincidence window that becomes more restrictive for high-velocity events (i.e., short burst durations). Comparisons of this method to a fixed coincidence window of 10 µs at a point in the boundary layer resulted in identical mean and RMS values. Sample rates were approximately 50 samples/second near the wall, and 200 samples/second in the freestream. Instantaneous measurements were transformed from the non-orthogonal coordinate system of the probe setup to orthogonal cascade coordinates, and averages of the results were corrected for velocity bias by using the inverse of the instantaneous velocity magnitude as a weighting factor.
Boundary layer profiles were obtained at six locations across the blade passage; three locations (A1-A3) at 0.2Cax downstream of the cascade leading edge plane, and three locations (B1-B3) at 1.03Cax. Figure 3 shows the locations overlaid on an oil streakline pattern of the endwall flow from Lynch, et al. 32 . The endwall flow pattern shown in the figure displays the well-known secondary flow features described by Langston, et al. 19 , including a saddle point at the separation location of the inlet boundary layer, a strong passage vortex, and significant cross-stream velocity relative to the inviscid flow direction (which would follow the airfoil shape). Figure 3 also indicates the cascade coordinate system, which will be used in presenting the boundary layer results. Note that in this coordinate system, Z is the wallnormal direction for the boundary layer profiles, and X and Y are parallel to the plane of the endwall.
The oil film interferometry (OFI) method was used to directly obtain wall shear stress at the three boundary layer measurement locations. The details of the OFI method are described in Lynch and Thole 25 . In short, the thinning of a silicone oil droplet as a function of time is directly related to the shear stress exerted by the airflow over the droplet. By measuring the shear rate of the oil droplet, the wall shear at that location can be estimated. This technique is extensively used in low and high-speed wind tunnels (Naughton and Sheplak 34 , Driver 35 ) and was benchmarked in Lynch and Thole 25 by comparing the measured result to a Clauser fit to twodimensional boundary layer measurements from an LDV. Ruedi, et al. 36 verified the technique in three-dimensional boundary layers as well.
Experimental uncertainties were estimated at a point in the endwall boundary layer, using the partial derivative or propagation of error method for derived quantities (Moffat 37 ). Table 3 lists the uncertainties for the various quantities 
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reported in this paper. Note that the percent uncertainty in mean W velocity is high because the absolute value of that component was low.
IV. Description of Computations
The steady RANS simulations by Lynch, et al. 38 were interrogated at the boundary layer locations in Figure 3 to assess predictive capability of the 3D endwall boundary layer velocity and turbulence profiles. In addition to the SST k-ω model reported in Lynch, et al. 38 , a Reynolds stress model (RSM, low-Reynolds stress-omega formulation for turbulence length scale) was considered for this study, since it allows for anisotropy of the Reynolds stresses which are important in this flowfield. Only a short description of the simulations are given here; the reader is referred to Lynch, et al. 38 for details of the verification and validation.
The model domain (see Figure 4a ) consisted of one passage of the cascade from the endwall to half-span, with periodic boundaries on the sides and a symmetry condition at half-span. In order to capture the development of the heat transfer coefficient on the endwall, the inlet to the domain was located 4.3Cax upstream of the cascade leading edge. The boundary layer code TEXSTAN was used to generate profiles of mean velocity, turbulent kinetic energy, and turbulence dissipation (converted to specific dissipation) for the domain inlet, such that the calculated boundary layer thickness at 2.85Cax upstream of the cascade matched the measured result (Table 1) . For the RSM, Reynolds stresses at the inlet were estimated from the specified turbulent kinetic energy assuming a two-dimensional turbulent boundary layer. The exit of the domain was specified as an outflow boundary at 1.5Cax downstream of the trailing edge plane. The endwall and airfoil surfaces were specified as adiabatic no-slip walls, except a portion of the endwall from 3.32Cax to the domain exit that was given a constant heat flux to match the convection experiment of Lynch, et al. 32 . The computational grid (see Figure 4b ) was a multi-block hexahedral body-fitted mesh created in ANSYS ICEM. y + values for all wall surfaces were kept below 1, in accordance with the resolution requirements of the SST k-ω and RSM models. Inflation rate of the boundary layers was kept to 1.3 or less. The resulting model size was 1.2 million cells. Convergence of the simulations was determined by three metrics: normalized residuals for the conservation equations had to reach values lower than 10 -4 (10 -6 for energy); area-averaged Nusselt number on the endwall had to change less than 0.1% over 500 iterations; and mass-averaged exit total pressure downstream of the blade had to change less than 0.1% over 500 iterations. As described in Lynch, et al. 38 , a grid independence study was performed, and both the average endwall Nu and exit total pressure varied by less than 1% for mesh cell counts of 0.62 million cells and 3.1 million cells. The same grid independence was also verified for the RSM model reported in this study. See Lynch, et al. 38 for validations of the simulation, including the midspan blade static pressure and the inlet endwall heat transfer coefficient development. Figure 5 compares contours of endwall heat transfer from the experiment of Lynch, et al. 32 to the predictions with the two turbulence models. The locations of the endwall boundary layer profiles are also overlaid on the experimental heat transfer coefficient results. All models agree well upstream of the blade passage as expected, since the measured inlet boundary layer was used as an input to the simulations. Note that the experiment of Lynch, et al. 32 did not provide the components of the Reynolds shear stresses at the inlet, however; these were determined for the RSM model by assuming they were similar to profiles in a two-dimensional flat plate boundary layer. The freestream turbulence in the experiment was moderately high (6% from Table 1), which was not taken into account in developing the inlet Reynolds stress profiles but was assumed to have a minor impact because of the long development length.
V. Results
Further into the blade passage, however, there are significant differences in the model predictions relative to the experiment, with the SST k-ω model generally predicting much higher heat transfer levels than seen in the experiment (also described by Lynch, et al. 38 ). The significant crossflow that exists in the blade passage causes the sweeping of the heat transfer contours toward the suction side. Near the pressure side, the passage vortex that is developing causes high heat transfer near the blade pressure side junction. Both models also predict a pressure-side separation near the leading edge, which is indicated by the island of low Nu extending out from the airfoil pressure surface near the leading edge. The RSM model does a better job than the SST k-ω model in capturing the modest increase in heat transfer toward the trailing edge of the passage.
In addition to the spatially-resolved heat transfer measurements, discrete measurements of shear stress were obtained at the boundary layer stations indicated in Figure 3 . Figure 6 summarizes the measured and predicted friction coefficient and Stanton number at the boundary layer stations. Note that the Cf and St values in this figure are normalized using the local freestream velocity magnitude, (determined from boundary layer profiles discussed later), and are written in a form that allows for comparison via the modified Reynolds analogy (i.e., St*Pr 2/3 =Cf/2). Figure 6 indicates several interesting trends in the experiment. First, there are regions of the endwall near the pressure side (A1, B1, B2) where the Reynolds analogy holds. The boundary layer near the pressure side of the airfoil is very new due to the crossflow in the passage that progresses from the pressure to suction side, and is not yet being strongly accelerated or skewed by the endwall secondary flow. However, for stations closer toward the suction side (A3, B3), the friction coefficient is significantly increased relative the heat transfer coefficient, due to strong favorable pressure gradients in the blade passage.
The RSM model predictions in Figure 6 agree to within experimental error for the friction coefficients at the forward stations in the blade passage (A1-A3), and near the blade pressure side in the aft stations (B1), suggesting that (a) Experiment (Lynch, et al. 32 )
this model can reasonably account for the effects of the significant boundary layer three-dimensionality at these locations. Lynch and Thole 25 indicated up to 70° of skew (relative to the freestream direction) in the boundary layer at A1. The RSM model also accurately predicts the local value of St at A1, but slightly underpredicts St for stations A2-A3 and B1. However, the largest discrepancy between measured and predicted friction coefficients is at stations B2 and B3. At these locations, the crossflow is very significant (Figure 3 ) and the flow is being strongly accelerated through the throat of the airfoil passage. A later discussion will show how this impacts the velocity boundary layer and how it is not properly modeled.
Like the RSM model, the SST k-ω model does a reasonable job predicting friction coefficients at stations A2-A3, but significantly overpredicts Cf near the pressure side (A1, B1). This may be in part due to the anisotropy of the eddy viscosity in the highly skewed boundary layer, but could also be due to the lack of a transition model in the SST k-ω model version used in this study. Several researchers have suggested that the flow near the blade pressure side in a turbine blade cascade is laminar (Harrison 21 , Holley, et al. 39 , and Vera, et al. 24 ). Toward the aft suction side (stations B2-B3), the SST k-ω model modestly overpredicts endwall heat transfer but severely overpredicts shear stress, which just like for the RSM model, is probably due to the difficulty of predicting the behavior of the highly accelerated 3D boundary layer at the passage exit.
Velocity boundary layer profiles were extracted from the CFD cases and compared to experimental measurements, to explore reasons for the various disagreements between experiment and prediction in Figure 6 . Profiles of mean velocity at stations A1 and A2, expressed in inner coordinates, are shown in Figure 7 . Station A3 is not shown due to its similarity to A2. The profiles shown in these figures are presented in the cascade coordinate system, where X is the axial direction and Z is the wall-normal direction. In Figure 7 , the effect of boundary layer three-dimensionality is seen by comparing the U + and V + components, which are very different in the freestream but of similar magnitude toward the endwall. This implies there is significant amount of crossflow at station A1 (~38° relative to the inviscid flow direction). Both CFD model predictions do a reasonable job capturing mean velocity components, although the SST k-ω model underpredicts the magnitude of the normalized U-component at station A1. The cause of this is due to the overprediction of the friction coefficient for that model, which results in a large friction velocity which is the normalizing variable in the inner coordinates.
Reynolds stresses were also measured in the experiment and are compared to the predictions for stations A1 and A2 in Figure 8 . The RSM model provided the six components directly; for the SST k-ω model, they were estimated using the definition of the Reynolds stress for isotropic eddy viscosity (in index notation):
kδ ij Eq. (1) where the mean gradients were obtained from the CFD solver directly. All Re stresses are normalized in inner coordinates in the figure. In general, both the normal and shear Re stresses are larger at station A1 relative to station A2, since station A1 is located near the origin of the passage vortex, near the leading edge blade pressure side. At A1, the RSM model does a better job predicting the peak in normal Re stresses at Z +~1 00, relative to the SST k-ω model. This is not unexpected, since the isotropic eddy viscosity assumption in the SST k-ω model is not valid in this skewed boundary layer. However, neither model properly captures the high (u′u′) normal stresses, or the cross-stream (u′v′) shear stresses, at either station A1 or A2. The cross-stream (u′v′) fluctuations are a unique component of a threedimensional boundary layer, which are particularly strong in a turbine blade cascade.
The mean velocity boundary layer at the aft passage stations (B1-B3) is difficult to measure due to its thinness (estimated boundary layer thickness of <2 mm, 0.3% of the blade span). Figure 9 indicates the mean U-and V-velocity profiles, presented here in a coordinate system aligned with the local freestream direction (indicated by subscript FS on the velocity). The 2D laminar and turbulent correlations are also included for reference. Because of the alignment with the local freestream direction, the V-component goes to zero at the freestream, and non-zero V-values within the boundary layer indicate three-dimensionality (i.e., crossflow perpendicular to the freestream flow direction). At station B1, there is only mild three-dimensionality, which becomes more prevalent for B2 and B3. Interestingly, in this coordinate system, the streamwise velocity component (UFS + ) in Figure 9 very much resembles a laminar boundary layer, especially for station B3. This appears to be the first time this has been documented in a turbine blade passage via velocity measurements. Langston, et al. 19 also found that the cascade boundary layer near the exit of the blade passage was very thin, but were unable to fully sample the boundary layer with their hotwire system. Figure 10 compares the measured velocity profiles at stations B1 and B3 to the predictions from the two models in this study. As expected from the results in Figure 6 , there is good agreement for both U and V components, among all models, for the velocity near the blade pressure side (B1). However, the effect of the boundary layer threedimensionality and strong acceleration in the blade passage result in poor predictions of the velocity profiles at station B3 near the suction side. In particular, the level of crossflow (V + component) is not well captured. Furthermore, the SST k-ω model, used without a transition model in the current study, does not reproduce the laminar-like behavior of the streamwise velocity component (U + ) at B3.
VI. Conclusions
The complex structure of a three-dimensional boundary layer in a turbine blade passage is challenging to capture with computational simulations. Predictions with a two-equation RANS model and a full Reynolds-stress model show reasonable agreement in mean flow quantities particularly in the forward part of the passage, but the predictions of the Reynolds stress components is less satisfactory. Predictions are even less reliable toward the aft section of the passage. Measurements indicate that the cascade boundary layer there is likely laminar, which was not modeled in the steady turbulent RANS formulations. Overall, there remains some deficiencies in the understanding of the changes to near-wall turbulence with high levels of boundary layer three-dimensionality, as well as the interaction of large-scale turbulent structures generated at the endwall (passage secondary flows) with the 3D boundary layer. Predictions of endwall heat transfer are still inadequate, given these limitations. It is hoped that this dataset will provide motivation to develop models that can account for significant boundary layer three-dimensionality.
